A reflective liquid crystal display (R-LCD) has become an important component of a portable information device; however, its inadequate whiteness appearance is a major issue in achieving the potential of ''electronic paper''. The factors causing inadequate whiteness were examined using a conventional R-LCD. Furthermore, a novel reflectance-profile-controlled component ''random grating light control film'' and a non dispersed LC mode with a high-cell-gap tolerance were presented to achieve the paper-white image of reflective LCDs.
Introduction
Reflective color liquid crystal displays (LCDs) 1) have been widely used as mobile information display devices. Low power consumption, thin format, light weight and sunlight readable are the advantages of conventional reflective LCDs. Furthermore, instead of printed paper, 'Electronic Paper' fabricated using reflective LCDs shows high potential for convenience in daily life. However, compared with white paper, the displayed images of conventional reflective LCDs have inadequate whiteness. The objective of this study is to examine the factors, such as the dispersion of an LC cell, 2) spectrum of a color filter, oblique incidence, variation in LC cell gap, and reflectance of reflective LCDs, that affect the whiteness, and then to demonstrate a few effective and economical methods for achieving paper like images of reflective LCDs.
Analysis Methods and Analyzed Material

Evaluation of whiteness appearance
In order to quantify the differences of whiteness appearance between the analyzed panel and MgO standard white, a CIE 1976 Luv space 3) was used to calculate their color difference (ÁE). The color difference results in human perception, as listed in Table I . 4) According to the formula of CIE 1976, 3) the color difference (ÁE) is determined by the differences in chromaticity and brightness (reflectance). To obtain the data of these two parameters, the LC cell was simulated using an LC simulator -Dimos. The other factors, the oblique incidence, spectrum of the color filter and Al reflector, and reflectance profile of the panel, were measured using OTSUKA LCD evaluator 7000.
Testing panel
A conventional reflective TFT-LCD, whose LC cell parameters are schematically presented in Fig. 1 . and listed in Table II , as used to analyze the whiteness appearance. Additionally, the examined R-LCD has micro structures built on its reflector to control the reflectance profile.
Simulation and Measurement Results
In the simulation, standard illuminant D 65 was chosen to be the light source as a reference white illuminated normally. Correlating the reflected spectra of the components using the CIE chromatic system, the color coordinates of various states were obtained and analyzed.
Effect of LC module
The Al reflector, LC layer and color filter can be classified as LC module. Comparing their color coordinates to those of D 65 from simulations and measurements, the above cases result in a color difference (ÁE) of less than 6.5, which is almost indistinguishable to the human eyes; thus, they are not the major factors causing the inadequate whiteness.
Effect of the variation in LC cell gap
The micro structures of the reflector in the analyzed panel resulted in the LC cell gap variation around 1 mm, as depicted in Fig. 2 (a). The LC cell gap variation was observed to induce a serious color shift from the calculated results shown in Fig. 2(b) . As a result, the color difference between D 65 and the displayed white image became distinguishable to the human eyes, due to the effective LC cell gap of the analyzed panel of around 4.5 mm.
Effect of oblique incidence
A measurement system with collimated light illuminated from 15 to 45 and a fixed detector in the normal viewing direction was set up to observe the effect of oblique incidence. The measurement results shown in Fig. 3 reveal that a large oblique incidence does not increase the color difference. Additionally, due to the variation in LC cell gap induced by the micro structures of the reflector, the curve represents the vibration in color difference for various illumination angles. Therefore, the micro structures also affect the whiteness appearance in terms of oblique incidence.
Effect of reflectance
To determine the reflectance that can produce a paperwhite image, the color difference with the same chromaticity but with a different reflectance of standard white was calculated. The reflectance between 0:6Â and 1:5Â of MgO standard white shown in Fig. 4(a) results in a slightly distinguishable color difference. Consequently, the reflectance-profile-controlled components, such as the micro structures of the reflector, should be well designed to maintain the reflectance between 0:6Â and 1:5Â of MgO, keeping the image ''paper white''.
To measure the reflectance, collimated light incident from À30
, as ambient light, and reflected light were detected at effective viewing angles from 0 to 40 . The reflectance of the examined R-LCD, as shown in Fig. 4(b) , results in a distinguishable color difference in most of the effective viewing angles considered. The reflectance profile, therefore, is a major factor affecting the whiteness appearance of the examined R-LCD. 
Proposed Improvement Methods
The analyzed results reveal that the major factors causing the large color difference are variations in LC cell gap and reflectance. To further improve the whiteness appearance, we propose two methods: (1) an almost non dispersed LC mode with a high cell-gap tolerance and (2) a random grating light control film (RG-LCF) 5) which can control the reflectance to be close to standard white in effective viewing regions without affecting the LC cell gap.
Non dispersed LC mode with high-cell-gap tolerance
For the LC mode of distinguishable color dispersion due to the cell gap variation, the white point is improved with a properly designed LC mode. The steps for the optimization of the LC mode are illustrated below. First, the parameters of Ánd =2 , Ánd =4 , d LC , and Án LC were set at 280 nm, 140 nm, 4 mm, and 0.064, respectively. Secondly, a =2-wave and a =4-wave plate were sandwiched between the polarizer and reflector, then =2 ¼ 17: 5 and =4 ¼ 80 were found to be the characteristics of an idealized wide-band =4-wave retardation plate. Finally, an LC mode using the optimized =2 and =4 was calculated to determine the top LC director angle '''' and the LC twist angle ''''. Consequently, an LC mode with optimized parameters, =2 ¼ 17:
and ¼ 30 , was obtained to suppress the non dispersion and high-LC-cell-gap tolerance.
The improved LC mode, as denoted by a solid line in Fig. 5(a) , has almost the same reflective efficiency around 49% in the entire visible spectrum, that provides nearly non dispersion and high reflective efficiency compared to the examined LC mode. Additionally, ÁE's of the improved LC mode are smaller than 6 for LC cell gaps from 3 mm to 4.6 mm, as denoted by a solid line in Fig. 5(b) . As a result, the cell gap tolerance can be significantly increased to 1.6 mm. Although the micro structures of the reflector cause the LC cell gap variation around 1 mm, ÁE of the improved LC mode is still indistinguishable to the human eyes. Therefore, by using the proposed LC mode, the color dispersion caused by the LC cell gap variation can be almost ignored.
Random grating light control film (RG-LCF)
The proposed LC mode allows the cell gap variation to be almost negligible; however, the reflectance profile has to be well controlled to further improve the whiteness appearance. Therefore, we proposed a reflectance-profile-controlled component ''random grating light control film (RG-LCF)'', which can be easily laminated onto the top surface of a reflective LCD with a flat reflector, as schematically shown in Fig. 6(a) , to minimize the color difference. The structures on the proposed film are randomly arranged gratings, which simulate the irregularly distributed fiber structures of a paper, yet can control the reflective light distribution using properly designed grating pitches and orientations. The gratings were designed to have pitches from 2 to 8 mm and nine different orientations ranging from À40 to þ40 with a 10 period, as shown in Fig. 6(b) . Additionally, the size of each grating is 25 Â 25 mm 2 and the arrangement in a single pixel is randomized to avoid the moire patterns and color dispersion. The detailed design and fabrication of the RG-LCF will be published elsewhere. 6) The measured reflectance profile, denoted by a solid line in Fig. 7 , illustrates that using the laminating RG-LCF, the reflectance of the R-LCD in viewing angles from 5 to 20
can be effectively controlled to be 0:6Â to 1:5Â of MgO, achieving a whiteness appearance close to standard white. Furthermore, RG-LCFs are easily fabricated by standard semiconductor processes and injection/stamping molding.
7)
By using these well-developed fabrication processes, the designed grating structure can be produced economically and reproducibly in large volume. Accordingly, by using the proposed LC mode and RG-LCF, a reflective LCD with a paper-white image can be achieved effectively and economically.
Conclusions
The inadequate whiteness appearance of R-LCDs seriously affects their image quality and applications. The spectrum of the Al reflector and color filter, and the oblique incidence barely affect the whiteness appearance. However, the variations in LC cell gap and reflectance profile are the most serious factors affecting whiteness. Therefore, we proposed a non dispersed LC mode with a high-cell-gap tolerance to suppress the LC cell gap variation. Additionally, instead of using a micro reflector, a low-cost thin plastic film with random grating structures, which can control the reflectance profile of R-LCDs, as used to achieve a paperwhite image in the viewing region. The proposed methods shall provide an economic and effective solution for the inadequate whiteness appearance of R-LCDs for mobile and E-paper applications.
